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SUMMARY

.1 very small calorimeter probe (0.001 by 0.25 era)

for measuring local power density in high-energy ion

beams has been studied both theoretically and experi-

mentally. For high sensitivity, the wire is heated by

a detection current; the change in wire temperature

due to ion impingement results in a roltage output.

Both. ion and joulean heat inputs are balanced by

conduction along the wire to cooled supports. A

steady-state calibration and error analysis is sup-

ported by experiment. Power-density measurements
in 1- to 20-kilovolt cesium and mercury ion beams

are presented as detailed spatial profile and contour

maps. An analysis .for the transient response of
the hot-wire calorimeter was also verified by cali-

bration experiments. Although not experimentally

explored, several additional future applications are

discussed: power-density fluctuation measurements

.from 0 to 10,000 cycles per second, ion velocity
vector determination using yawed wires.for direction

finding, and a time of flight technique .for _,elocity
magnitude.

INTRODUCTION

One of the possible propulsion systems for space

flight now being studied ex_perimentally is the ion

rocket. In an ion rocket, the propellant is ionized
anti ac('elerated by an ele('trostatic field. The ion

beam exhausts at about 20,000 to 200,000 meters

per second into a neutralization region where

ideally an equal current of electrons is injected
into the beam to eliminate space charge outside the
rocket. The interest in ion rockets stems h'om

their potential for supplying extremely high values

of specific impulse. Reference 1 reviews the gen-

eral characteristics of these low-thrust systems and

references 2 to 4 discuss some of the experimental

facilities and research engines of the NASA

program.

Researeh with experimental ion rocket engines

requires the measurement of ion-beam momentum,
power, velocity, and current density (or mass-flow

rate per unit area). These are not independent
quantities, and the measurement of two of these

quantities will permit calculation of the remaining

values. In the ion rockets under study for pos-

sible space flight application some optimum value
of ion velocity usually exists (ref. 1). All the ions

should emerge at, this velocity (except for charge
exchange ions), since they fall from some fixed

positive potential at the ion emitter to ground

potential outside the engine. Thus, ion veloci-
ties are known from the measurement of emitter

voltage, and a measurement of the beam power

density should permit accurate computation of

current density or mass-flow rate per unit area.

In addition t.o the overall or average values of
the beam power and current density, the variation

of these performance characteristics with location
in the beam is also of considerable interest. De-

tailed surveying of the ion exhaust can be hell)rid

in checking component functioning within thc

rocket, for example, the ion emission variation

from surface ionizers or the beam focusing of the
electrostatic accelerators. An even more im-

portant use of detailed beam surveys may bc

found in studies of space charge neutralization,

which is a matter of considerable practical and
theoretical importance (e.g., ref. 5). For a care-

fully designed engine, the spreading of the ion
t)eam downstream of the exit of the accelerator is

a quantitative measure of the effectiveness of the

space charge neutralization (ref. 6). Therefore,

detaih, d maps of the ion beam with and without

1
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electron injeelimi may be use:t as rt measure of
beam neutrality under well controlh,d experimental

conditions.

This report describes the design, calibration,
and use of ,t small probe tleviee (0.00l em in

diam.) for measuring beam power at a point and

power distribution in high-velocity ion beams.
It is called a "hot-wire calorimeter." No other

instrument of comparable size is available al this

time 1o measure local ion-bean_ parameters.

The interception and conversion of ion kinetic

energy into heat at a fine-wire surface has been
vah'ulated using the classical free-molecule llow

analysis, and the dissipation of this heat to the

eooh,d supports is treated as a one-dimensional

thermal-conduction probh, m. The analysis direct-

ly relates the voltage output [rom the hot wire to
the local ion-beam power for operation with either

constant wire current or constant wire temperature.
Hot-wire calorimeters have been used since

February, 1960, in NASA research on ion rockets
Ill the Lewis Research Center. Experimental

examples are reported herein of hot-wire measure-

meats in cesillm and merollry ion beams with a

total current o1"up to 100 milliamperes tlmt have
been accelerated electrostalically to 1 to 20 kilt)-

volts. A de{ailed description of experimental

technique is included with the data presentation.

The probe development is discussed in this report

only as it relates to ion rocket research. IIowever,
the hot-wire calorimeter could be applied to

measurements in any high-energy part Me beam.

THEORETICAL ANALYSIS

STEADY-STATE ANALYSIS

Ahnost any solid sm'raee when placed in a high-

energy ion beam has one of the basic in_'edienls
of an ion-beam calorimeter, tile ability to convert

ion kinetic energy into heat. The design of a

useful calorimetric probe also requires: (1) that

the sampling cross-sectional area of th'e smqace in

tile ion beam is knm_m, (2) that the net energ3:
transfer from the ions to the metal surface is

known (i.e., the effeelive accommodation e0effi-

eient), and (3) that the heat flow can be metered

to give an electrical signal proportional to the ion

power intercepted. Tile first two requirements
are common to ttll calorimeters in ion beams, and

the de_qees can be distinguished by the method

used to sitt isfy the third requirement. Therefore,

the following amdysis emphasizes the convenient

method that the hot-wire ealorimeh, r uses to give

a signal related to the local ion power. This

aspect of the prohlem can be treated in detail be-

cause it is straightforward; it involves one-dimen-
sional conduction or heat l>rodueed by tile ion

power, intercellied altmg the fine wire, to cooled

supports at each end. On the other hand, the
calculations of the effeetive cross-sectional area

an(l the ion-sm'fitce energy ex('hange together with

the associated probh'ms of spultering and sec-

ondar.v electron emission are less certain. In the,

an,dysis which follows, arguments l)ased on theory
are given in support of the assumptions used for

the present calculations. Later, preliminary ex-

perimental data are presented in tile section RE-
,qULTS AND DI,qCU,q£1ON concerning these two

assumptions.

Steady-state sensitivity to ion beam. The prob-
lem considered here is tile steady operation of a

fine wire in n vacuum and in a high-energy ion

beam at wire temperatures up to about 600 ° K.

Figure 1 shows the coordinate system which is

used. Since the ratio of length to diameler of the

LHot wireWire support ,,

FIC, VitE I. I)Ftgram of hot-wire geometry and h,mpera-

ture distribution.

wire will always be greater than 100, all tempera-

ture gTadienls in the radial and circumferential

directions are neglected compared with the axial

g'radient. That is, the wire metal is assumed to

be a uniform temperature at each station x.
The steady-state energy tmhmce for a unit

length at any station x along the wire may l)e

written by equating the conduction of heat to the
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supports to tile sum of joulean heating and beam

power addition :

q.,+ q.= q,.- (1)

(All s3mat)ols are defined in appendix A.) Equa-

lion (1) negh, ets both the radiant heat loss from

the wire and the molecular conduction loss lhrough

the surrounding ga, s. Both of these heat losses

may be considered as errors in the hot-wire sensi-

tivity, and both are discussed in detail later in
this section.

The quantity qj is the rate of production of

joulean heat due to the deh'etive eurren[ L It. is where

't function of the local resistivity along the wire,

which is temperature dependent:

c/s-- 12r 1

4,, j_ (2)r=_2 [1 +o_(t,,,--273)]

The quantity q_ is the heating rate caused by

the conversion of ion kinelie energT into heat at

the wire surface. Appendix B treats this aspect

of the problem together with the associated prob-

lems of sputlering and accommodation eoetIicient
in detail, and the result may be written simply as

q,, a_DjV (3)

For this work, the beam power density .iV is as-

sumed eonstanl along lhe wire length. The effi-

ciency of lhe ener_- conversion is expressed by an

effective accommodation eoefl3cient ao and lhe

sampling cross-sectional area of the wire probe is

the geometric section lD. As discussed in ap-
pemlix B, the accommodation coefficient is ex-

pected to be near 1.0, and a_=l.0 has heen used

throughout I'or lhe present eah'ulalions. The or

effective cross-sectional area shouhl t)e equal to

the aet,ual area ID provided that the wire operates

at the local beam potential. However, negligible

error is incurred if the wire is operah,d at a poten-

tial relative t.o the t)eam, which is small compared
with the beam accelerating potential. Other prac-
tical considerations mentioned un(ter RESULTS

AXD DISCU,q,qION govern the choice of operat-

ing potential. The geometric cross section is used

in this report, because the ion beams being con-

sidered have been ae<,elerated 0wough 1000 to

20,000 volts, whereas the operating potential of where

the hot-wire probe is usually between 0 and 10

volts relative to gn'oun(1.

The symbol q_: represents heat loss rate t) 3 con-

duction along lhe wire to the cooled supports:

_rKD 2 (12t_
qK=-- 4 (Ix _ (4)

The eombimttion of equations (l) to (4) _ves a

differential equation expressing the wire tempera-
lure as a function of axial position:

tFt,,'. _2t, _
ds_ + . =--_ (5)

2o'oept3- tO, 2 [C-

13_=_ ,

The solution of equation (5) is detailed in appendix

B using the boundary conditions that the wire
temperature is a eonshml T_ at each support.

The resulting equalion is

T ..... +%e_s 13x--T_.oo
t ,,,= 3I

COS

(6)

This is the cosine tempernture distribulion which

is plotted in figure 1. The wire lemperalure

averaged over lit(, length is required to rehtle the
measured wire resistance to tit(, (|election current

and tit(, beam power input. The average wire

temperature is then

1 _+(t/:)

T,_--_J_(.2 ) t., (l,r

_] (7)

To comph, te lhe atmlysis of the hoi-wire calo-

rimeter, the average [emperaluce is related to the

measured hot-wire voltage drop E by the tem-

perature coefficient of resistivity and Ohm's law:

(s)
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FI(;URE 2.---Typical calibration of hot-wire calorimeter. Tungsten wire; diameter, 0.000508 centimeter; length, 0.203
centimeter.

i typical calibralion map ('aleulated from equa-
tions (7) and (8) is sho_m in figure 2. Parametric
lines of eonsta,fl wire current and eonshml wire

temperature (or resistance) are plotted, because,
as in tlic hot-wire anemometer familiar in aero-

nautics, amplifier eireuils can be desig'ned con-

veniemly for either eonstant-temperaltire or

conshmt-current opera/ion.
Equations (7) and (S) make il possible to select

a llot-wire calorimeter tlmt is suitable for opera-

tion in lhe range of Imam power densities expected

in a specific test.. Not only can the operating

current or temperature be chosen for a particular

operation, but the wire h, ngth, diameter, and
material ('an also be chosen h'om a rather wide

selection of commercially available wire. Some

examples of this flexibility arc strewn in figure 3.

The examples i,l figures 2 and 3 show that the

constant-current parametric lines are approxi-

mately linear. This suggests that equations (7)
and (S) can be simplified for many practical probe

designs and operating conditions. By replacing

the tangent of the angle (_1/2) in equation (7) by

the first two terms of a power series, as discussed

in appendix B, equations (7) and (S) may be re-

duced to tim following:

where

E=(I)jV k B [_I o"\-2-<9 ) (9)

1 4a_ ga

, IR, I"
B=-I/i ,,+_

Equation (9) deviates from the exact equation by

less than 1 percent if 51/2 is less than 9 °. There-

fore, tile constant-current sensitivity or a hot-
wire calorimeter may be readily calculated as

,A(jI*) _C 37r2t( ( D'_a l ( "_w
_.. [.: co..,,,,,, I 4c,_a\7,17 \(sqm)(v)}

rio)
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Equation (10) emphasizes the need for aeeur_tte

measurements of wire length and (liameter and

for knowledge of three wire physical properties:

thermal conductivity K, electrical resistivity a,
and temperature coefficient, of resistance a.

Fortunately, in practice it is not necessary to have

independent physi('al constants as accurate as an

error analysis or equation (10) wouhl imply. A

_t

:_ 75

-o 50

it
£ 25

125"

100

75

5O

25

0

125XI04

\

(a)

___----.

- )_r i i i i i 1
]| - Constant current ]

/A_ ofo.oo¢ 2
/_- " Constant temperature |

J -_ dffference°f 200°K|
Wire k [ [ 1-

_ diameter ] /[ |
D,cm '__L _ _1 .... A ....

I/ I /
.  :ooo5o _ J k_

[
125XI04

47T/ j 1 __[C_

/ (c )

I00

' uigsfen j / £ ........

75 _ -- -

0 .t .2 .5 .4 .5 .6 7 .8

Wire voltage, v

(a) Wire length. Tungsten wir('; diameter, 0.000508

eentim(,ter.

(b) Wire diameter. Tungsten wire; lenglh, 0.203

centimeter.

(c) Wire material. Wire diameler, 0.000508 centi-

meter; length, 0.203 centimeter.

F[r, rm,: 3. Vari'tbles affecting wire calibration.

simple empirical calibration for C can be made

when the probe is out of the ion beam and in the

high vacuum or the test facility. That is, it is

convenient to use equation (9) for the case of

zero beam power density for a direct comparison

of theory with experiment. Equation (9) for

jV=0 can be arranged as follows:

_= I +R(aTDl_,) i= (11)

The experimental calibration for C may be readily

calculated from the measured slope of a plot or

R/R_ against P, because D an(1 l can be measured

independently and a_ is assumed to be 1.0. This

ealil)ration serves as a routine check of the phys-

ical properties used in the calculations. The
procedure is discussed in detail later.

To summarize briefly, equations (7) and (8) are

analytically exact solutions to the hot-wire-

calorimeter sensitivity in a high-energy ion t)eam.
A simplified solution, which is accurate to within

I percent in a practical range of parameters, is

also presented as equation (9). Using equation

(9), the hot-wire sensitivity to the ion beam for

constant-wire-current operation is related to an

experimental calibration curve which can be easily
obtained train the hot wire while it is out of the

ion t)eam in a high vacuum. To conclude the

analysis, the following paragraphs consider the
errors involved in the preceding analysis because

it. (1) negIeete(1 molecular conduction of heat

through the rarefied air of the w_cumn facility,

:rod (2) neglected thermal radiation loss tram the
"wire.

Molecular conduction error. -The power t)ahmee

for an element or wire losing heat to tim sur-

rounding ra.refied air or the high-vacuum facility
and to the wire supports may 1)e written as

q,4- q j= qK4- q_'i 02)

q,, qj, and q,v are given 1)y equations (2), (3), and

(4). The heat loss through the ambient air q_'i
can be obtained from _-Lmoleeuhrr conduction

analysis (e.g., ref. 7) which relates the heal transfer

to the air pressure:

qr,,= h,_n ( t ,_-- To) }. /3a_'\ / 9_ p
h=L'2 ) 1_'7rf/--_-T. 0.9S7 >( 10 "_

(13)
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where 0.9£7>110 '_ is a conversion fa('tor from

atmospheres to newtons per square meter. Com-
bining eqmdions (2), (3), (4), (12), and (13)

gives the following differenlbd equation:

(121,_
dx 2 _?2l,,,=--v_ (14)

The solution is analogous to that outlined earlier

for equation (5), except, that tile temperature

dish'ibution along the wire follows a hyperbolic

cosine law given by equalion (15). The air tem-

peralure T, is _ssumed to be equal to Ihe support
l emperature T, for numerical simplieily. ,qimi-

larly, tile length average temperature is analogous

to equalion (7), and it is given here as eqmttion

(16):

tw--T_=(T*,, _--T,)/1 cosh _x_
• dl (_,_)

eosh _/

IO o

i0 -I

E

10-2
Q_

t0 -3

-_ 10-4

O

g 10-5

o

_ 10-s
"27

10 -7

T_T_,--T,=( _: _--T,)
t.nh_)1 rfl

2

(1{3)

By writing tile energy })abmce (e<l. (12)) for the
enlire wire and t)y using equations (15) and (16),

the ratio • of the he_t lost by conduction 1o the

supports to the heal lost by mole('ular conduction
to the air can be found:

I, QK [K\ {D_'gT* _--T,_ v[ _l (17)

Tile error 6ri caused t)y neglecting mole('ulnr
conduction in the hot-wire-calorimeter analysis is

the ra, tio or the heat lost by molecular conduction
to the lolal heat loss:

(,)FM 1 (1 S)
a_.,,=-Q._+O,-l_{. ¢

-- !

Wire length,

- 1 _ _///__ ...............

-I. .recurve.,,
x, _i,_on_p//d ///Z _ .....

(o)

I0-_0_, 0 1'0.9- iO-e i0 -7 10-6 10-5 10-4 i0 -3 10-2 i0 -I i0 0

Pressure, elm

(a) Tungstm_ wire; dianwh,r, 0.000508 cenlimet('r.

FIGURE 4.---_[olecular conduction (trot as fllll¢lion of air pressure.

1

/
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10-3 i0 L2 i0 -i

I

I
(b_

IOo

(b) Tungsten wire; diam(_lcr, 0.000317 ccnt imoler.

FIGURE 4.--Continued. Molecular conduction error as function of air pressure.

For a specific wire and operating condition, the

error _t_-Mis a function only of the pressure in the

vacuum facility. Figure 4 was calculated from

equations (13), (17), and (18); this figure shows
_i_,.,tfor typical example wires and operating con-

ditions assuming that the vacuum atmosphere is

air. IIot-wire-calorimeter application to ion

rocket research should always be in test facilities

operating below 10 -7 atmosphere (refs. 2 and 3).

Figure 4 shows that negligible error (<0.01 per-

cent) was incurred in the hot-_qre-calorimetor

analysis because molecular conduction was as-
sumed to be zero.

Thermal radiation error.--Ot_ the orhcr hand,
the radiallt heat loss Prom a fi,_,, wire in a vacuum

may be expected to become the dominant heat

loss_'as the wirc_,temperature is increased. Con-
595428 61--2

sider the energy balance on an element of hot
wire which is losing heat, by conduction to the

supports and by thermal radiation

q.+ q..=q,_+ q,, (19)

This problem cannot be solved analytically as

equations (1) and (12) can be, because the differ-

ential equation is nonlinear in tw; that is,

d2t w , _ 2
(lx2 j3:2t_+5_t_=--_ (20)

However, by restricting interest to the case

whore radiation is small compared with the total

]mat loss, an approximate solution may bc found.

When c/R_0.1 qK, the temperature dist, ribution

along the wire is given approximat(qy by equation



8 TECHNICAL REPORT R--98--NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

c

c
O

g
"D
C

8

6
O

E

o

T

i0 o

10-1

10-2

10-3
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]
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(e) 80-Percent-ph_tinmn--20-l)ereent-iridiuna wire diameter, 0.00101 centimeter.

FIGURE 4.--Continued. Molecular conduction error as function of air pressure.

(c) r

i0 -i i0 o

(6). The radiant heat loss may be estimated

then by substituting equation (6) into equation

(21) to obtain

•+.n_ t_,dx--T_l)

Equation (22) is the result of the integration.

Qn_o-{sr[) - 3 T 7:1 ( T,e, : __T.)4_ S ( T.. _+T.)aT_ ' _-] 2_( ..=+T,) 4 2_.+,4 ' " --_l
cos4 __t _ _ °s 2 2-

+ ,_-P(r.,°+r.),+,(_.,..+_.>,T;..°-,_(_.....+_,>_,_.o],o,,

2

(21)

(22)
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10 2 Wi ......

_10-3 1.......
I

I Wire current, .-.-

o 10_4. /,milliamps / / t

_ 10-5

10-6_ ............

I0 -I0 10-9 I0 -8 10 -7 I0 6 I0 5 I0 4 I0 5

Pressure, aim

(d) 80-Percent-platinum--20-percent-iridiuna wire; di'mmter, 0.000635 centimeter.

Flt_I:RE 4.--Conchlded. Molecular conduct.ion error as function of air pressure.

i

I

(d)

10-2 i0-1 i0 0

Tile error _ caused by neglecting radiant heat

loss in the hot-wire-calorimeter analysis is the
ratio of the radiant heat loss to the total heat loss

(approximated here by the conduction heat loss

Q+,.because Qn<0.1 Q_: is assumed in eq. (19)):

- Qa _-_Q_' (23)

One of the most, interesting charaete_risties of

Sn shown in figalre 5 is the zero-current value of

$R. Although both Qn and QK approach zero as

the wire current goes to zero, the limiting value
of the ratio _ is finite and given by the followirig

equation :

_4 asB_ l:lira T_ (24)
i.o _--3 K D

For a specific wire, the error 6n is a function only

of the operating current I (i.e., operaling temper-

ature). Figure 5 was calculated from equations
(7), (8), and (22) for typical example wires. For

simplicity, gray-body emissivity or a total emis-
sivity of 0.10, independent of temperature, was
assumed in these calculations. Reference 8 lists

the total emissivity for tungsten (p. 141) and

t)latinum (p. 104) (or iridium, p. 73) wires as less

than 0.07 at 600 ° K. For these approximate error

('alculations, the value of 0.10 was considered to
bc realistic and conservative.

For simplicity, it is desirable to design a probe

and to choose an operating current so that _i_ is

negligible ((0.01) over the expected range of
beam power inputs. Equation (24) suggesls that

the wire length is probably the primary variable

to be controlled in designing for minimum radia-

tion error. Therefore, although the radiation er-

ror analysis is approximate, it is probably sufficient

for design purposes. The exact magnitude of the

thermal radiation error may be determined best

by an empirical (.alibr_dion, as discussed in the
section RESULTS AND DISCUSSION.
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m

J
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I
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,/
o 4 8
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(c) _ ----"

12 0 4 8 12
Current, milliomps

(a) Tungsten wire; diameter, 0.000317 centimeter.
(b) Tungsten wire; diameter. 0.000508 centimeter.

(d) i
16 20 24

(c) 80-Percent-pl'ttinum 20-pereent-iridi,un wire; diameler, 0.000635 centimeter.

(d) 80-Perevnt-platinum- 2(}-percent-iridium wire; diameter, 0.001016 centimeter.

F[(wuF, 5. Estimale of heat loss from hot wires due to thermal radiation.

TRANmENT ANALYSIS

The primary applieat ion of hot-wire calorimeters

to present ion rocket research is in steady-state op-

eration, in which mean voltage output is related to

time-averaged beam power density. Even for

these applications, however, the response rate of

the hot wire may be important to ensure that the

sweep of the probe through the beam is slow

enough for steady-state sensitivity to apply.
Furthermore, future research may find the t.ran-

sient response of the hot wires useful for studying

low-frequency (e.g., 0 to 10,000 eps) beam power
fluctuations.

The energy bahmee for the transient ease can
be written as follows:

qs = qs 4- qn -- qz,"

T,_--T,=(T.,®+T,)

tan _/
2

2

(25)

(;. (= _, 2 X;,

---- 1 4-,_'=o2 1], _2--3_

The rate of heat storage qs is given by

_-D _ i)t ,_ (26)
qs=_- pc bt

Combining equations (2), (3), (4), and (26) leads

to the following partial differential equation:

_t
pcbt_ _1 _-_mt A-m (27)

bt bx_ .... _'1

The solution of equation (27) is given in detail in

appendix B for a step change in wire current from
Iu to jr. The initial condition used for the solu-

tion is that the wire is operating at a steady-state

current Io before the step change; the same bound-

ary conditions are used here as in the solution of

equation (5). The resulting equation for thc

length-average wire temperature is

-{_-A '-
x_ .,_e \_ _'- (2s)

2 2 "_o--X,,]
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The time-dependent series converges very rapidly, and a good approximation may be obtained from

lhe first term (n=0),done:

where

1J--IT

(29)

A sample eal('uhttion is given in figure 6. The

approximate soluiion represents the response to

_ithin 3 percent for all t>0.l _-E. Equation (29)

is the exponential response of a tirst-order system,

so the dynami(' ('lnu'a('ierisiies are comI)let('ly spec-

i£ed by the single time constant Tr.. In general,

Tx,:depends not only on i l_e wire physical proper-

(D
o

o

E

| ] Steady-state value l

....r----
/ / i

lOt / Effect of additional terms -

I / in evaluation of series a I

] / ITime, ! Temperature, °C q I

5 L I = ! sec [ n=O [ n--l] n:2_

V I 00025 48851488214882] I

IJ °Effect greatest at lowest times./
f I I 1 /

0 OI .02 .03 .04 .05

._ 16oo- -- 1 1 J (b)
Steady-stole value /

1200

800- _ ditional terms

!/ in evaluation of series a

// ,l_me, _ Temperature, °C q
/ ] ._ ^ _ r

400 /_.! _ se%.:O i .:l ,,,:2_
[_ // -!-- [0.0i0189.15:8735 87221

I / I oL.Osa:_&Z_r3_zzl--_
P' i  ffec,oroate ' "st at lowest hmes.

I I I

0 .I .2 .3 .4 .5

Time, sec

ties and (tiniensions but also on the steady-state

operating current (or temperature). Figure 7(a)
shows the effect of wire current and diameter on

the lithe constant with some saniple cal<'ulations

for a specified length of plaiimim, S0-percent-

platinum 20-pereeni-iridiunh and tungsten wires.

o
¢J

g

0
o

i1)

.E_
I---

3°°/<o)/i l _ 80% Platinum- i

200 t Wireo,di"ameter,cm _ I

r 0.000317 ; ! I

',,t ,.ooosos _ /

"_/I/ ] __.00127 .....,-.000508_

060317_ _-00127 I,_, i I-22.u22 _ I
" .]/--/I ,_ _..4.000517 i,,-.00127 _]

_ _-==4-=--__:=4=_4 __4-==_==,==_
2 4 6 8 I0 12 14 16

Current step, milliomp

150

I00

50

120

I00

80

60

40

20

(b) !:

.05 .10 .15 .20 .25 .30 .35 .40

Wire length, cm

(a) Tungsten wire.

(b) 80-Percent-platinum-- 20-percent-iridium wire.

FIfiFRE 6.--Mean wire temperature increase with thne for

current step increase of 0.006 ampere.

(a) Currm_t step sizm Wire h,ngth, 0.203 centimeter.

(b) Wirehmglh. ConMant current.

FIGURE 7.-- Effect of various parameters on wire response
time.
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Xote that the predicted time constant at I_0 is

indepemh, nt of wire diameter. Furthermore, tile
time constant at zero current is a good first
estimate of the actual time constant of a wire

operating at low current. Tlw time constant at
zero current is therefore very useful for engineering

estimates because of its simplicity:

_:,=.- kK/ ;_ (30)

Equation (30) is plotted in figure 7(b) for several

malcrials over a range of wire lengths.

The choice of a probe for transient measure-

ments may be governed by different desired oper-

ating characteristics from probes for steady-stale

application. However, by working with equa-
lions (10) and (30), it should be possibh, to make

good estimates of probe designs which have suit-

able characteristics for a given application. The

design of practical hot-wire-calorimeter probes

shouht consider not only the preliufinary design

cah.ulations using these equations but also the

background of experimental experience which is
discussed in the remainder of the text.

EXPERIMENTAL APPARATUS AND PROCEDURE

APPARATUS

High-energy ion sources,--Several types of ion

engines are now in operation at the Lewis Research
Center. Most of the experience to be reported

herein was obtained in the exhaust of engine A,

which is a modified version of tile engine reported

in reference 4. A composite picture of the dis-

assembled engine is shown in figure 8. Cesium

metal is contained in a vaporizer behind the round

orifice plate on the right in figure S. The cesium

vaporizes and passes through the small holes which
can be seen on the plate. The cesium vapor comes

in contact with the ionizer which is composed of

hot tungsten strips. The tungsten strips are in

the square structure in front of the vaporizer

plate in figure 8. The cesium atoms are ionized

at the surface of the tungsten strips. The cesium

ions thus formed are then accelerated by an elec-

trostatic potent ial maintained on the first electrode

directly in front of the ionizer. The second elec-
trode on the far left side is maintained at ground

potenlial as shown on the schematic diagram in

the lower portion of figure S. The fu'st electrode
is usually operated at a negative potential with

respect to ground ("accelerate-decelerate" curve).

Stmlc data are reported for "accelerate-only" oper-

ation; for this mode, the first eh,clro<|e is also

operated at ground potential.

The schematic diagram in the upper portion

of figure S shows the location o[' the high-wfliage

power supplies, together with the potential and

current meters for monitoring tile ion-beam power.

Odwr ion engines from which sample surveys
are shown in this report are listed in the following

tabh,, where the letter designation used for con-

venience in this text is also given:

Engtnc

A

B

C

D

E

Element I Ionizer
ionized :

1

Cesium I Forward vapor feed on
i lUllgSll'll strips

Cesium _ Reverse vapor feed (m

5 | UllgSlell Iflaie

Ces|Ilm Forward vapor fi'cd on
I Illl gs|I't'l stril)S

CeS|lllTl PoroLIS [lllll_Sll,'ll

._,[erctlry I F,I(,('IIOlI bOlllhardmelt|

I

A ('el,]el a(or

Ori_l wires

Ch'i2 _ims

Pierce eh'e-
trodes

Pierce elec-
trodes

Grid wires

Refer-
erlee

4

9

4

10

Hot-wire probe. The prol)es employed to c]w('k

the theoretical principles of the previous section

are shown in figure 9. The probes are waler-

cooled and electrically insulated from ground.

A schematic diagram of tit(, probe constru('tion is

shown in figure 9(a). A 1.27-centimeler-diamcter

copper tube which was flattened into an ellil)tical
section served as the case for a series of hot-wire

elements. Water flowed through the case to

cool the hot-wire supports. A detailed sketell of

the support construction is also shown in figure

9(a). To ensure that the water case and wire

supports were vacuum tight, a 0.152-centimeter

tube was inserted through aml brazed to tim case
and a 0.127-centimeter copper supt)ort wire was

inserted as shown. The support wire was varnish-

insuhtted, and it was surrounded with ahmfinmn

cement for good thermal contact with the case.
Thc supports projected about 1.3 centimeters

from the case on the side exposed to the ion t)eam.

An iron-constantan thermocouph_ was silver-

soldcrcd to the tip of one of these support, pairs.
The fine-wire sensitive element was soft-soldered

across the supports as shown in figure 9(a).

The present probes have proven adequate for
measurements within the ion beams, but they do

not represent the cn(l product of a development

program. For example, the probe case could be
made of an electrical insulating material, such as

glass. Since the noneondueiing case eolfld not
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Second
electrode

(_ Common currentto ground

I I

_o_e__u0o,_I I_o_e__u00,_I

_ Ionizer I and vaporizer

First-electrode
potential potential

!
Cesium vaporizer

orfice plate

ACoCele_raton

Accelerate-iii_decelerate

operation -,,

'\\/1

Ground /AN/

potential i/

Second
electrode

Potential
I

I

ii
First Ionizer Vaporizer

electrode

Plot of potential variation within engine

FICURI_ 8.--Details of ion engine A.
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Electrical leads

0.152Cm I.D. tube

brazed to 1.27cm_
diam tube -_-'t

Thermocouple imbedded
in wire support

- Hot wire

C 0127Cm dram.

=_ insulated copper

-_- wire support

Aluminum cement

-- _i_ Ion beam

1

t, ceiomic tubing

Coolant

(a) Rake construction.

FIC, VRE 9.---I[ot-wire probes.

act as a direct-current electron source, such a bet-
wire rake would be more useful in beam neutraliza-

tion experiments. Furthermore, the effect of

support size and length as well as other effects

suct_ as outgassinghave not as yet been ewfluated.

One problem which arose early in the testing was

that the wire supports exposed to the beam must

be s_mmmtrical in area. This requirement arises

from the secondary electron emission character-
istics of surfaces in ion beams and is discussed

more fully in appendix C.
Survey mechanism. Because of the l.-.ek of

symmetry of the ion beams surveyc(1, it is neces-

sary to survey the entire beam. To minimize the

length of time any one wire is in the ion beam,

hot-wire-calorimeter rakes are employed. Thus,

not one but as many as five wires are operated in

the beam at once. Two different types of actu-
ators were emp]o3-ed in the surveys of engine A.

A traversing screw actuator was mounted 46 ('enti-

nwtcrs downstream of tim exit of engine A. This

traversing actuator surveye(t horizontally across

the beam. This particular probe arrangement is

shown in figure 9(b). ]t required about 3 minutes

for the actuator to traverse the beam. A copper

plate was installed on one side of the screen, so

that the probe could bc moved into its shadow
when not. in use. The copper shield served as a
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C-55379

(b) Hot-wire rake on traverse {tetuator.

FI Cl,lrR F 9.-- Concluded.

59542S 61-- 3

(c) Jlot-wir(" rake on swinging arm.

I]ot-wire probes.
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Swinging-arm probe

actuator -,,
\

\

Ion engine A-\

Traverse probe

actuator

liquid-nitrogen
baffles

Electron surpressor

screens

C-55581

Ion engine mount-'

(a) Pz'ube iztstallation in tank.

FIGr'RE I0. -Test faci]ity.

means of protecting the wires against excessive
sputtering and also established ,_ definite zero

point for wire otttput.

It. was quickly apparent that the complete ion
beam was seldom contained within tile 45-centi-

meter hole in the screen. Moreover the time of

travel was far slower than necessary for the wire

response time, and this caused excessive uncer-

tainty due to a temperature rise of the probe

support. These problems were overcome by

using a swinging-arm actuator. This actuator is

shown in figure 9(e). For this actuator a com-

mercially available grease-sealed vacuum fitting

is used on the vacuum tank wall. Through this
fitting it is possible to make vertical and rotational

movements of a rod. On lhe inside of the tank a

rigid arm is mounted to the rod from the vacuum

fitting. The probe is then mounted on the arm.

Rotating the rod thus swings the probe in an are

through the ion beana. For engine A, 30 seconds
were used for a full sweep. In each of the other

tanks and en_nes surveyed, only sw-inging-ann
actuators were used.

Test facilities. -A typical vacuum tank facility

in use at the Lewis laborato_" is described in

reference 2. The particular tank shown in refer-

once 2 was used for the tests of engine A. The

other three engines were run in three different

tanks which var3." somewhat in size and description
from this tank; these are described in reference 3.

I
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(b) Photograph looking into vacuum tank.

FIC, URE 10. Couclu(h'd. Test facility.

A schematic drawing of the general arrangement

of engine, electron suppressor screens, hot-wire

probes, and condenser baffles is shown in figure

lO(a). Tile end of the engine and the detail of

the swinging-ann and traverse actuators for

surveying the beam niay be seen. A photograph

o[ tlle overall arrangement is given in figure lO(b).
Tank pressures in the range 10 -9 to 10 -_°

atmosphere were used for all engine runs reported
herein.
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DATA RECORDING PROCEDURE

The hot-wire lheory lends itself to two modes

of opera/ion, either eonstanl current or ('onslan{
t(,mperature. The present experimenhtl program

was liu_iled to eonsianl-eurreld operation only,

because it was the qui('kest and siml)lest to per-

form. The |,)l-wire healing circuit is shown in

figure 11. It consists of a ])atlery and current

control resistors. For ehanges in wire resistance

of less than 100 percenl, the current ia the circuit

wi|l })e nearly eonstan{. Wire voltage and ('ur-
real were me,_surcd wiih p(>tentiometers as noted

ht figure 11. The ou[pu! voltageof the hal wire

was fed through an amplifier (whi('h served to
isolate the wire and circuit: h'om ground) to an

automali(' x-l/ plotter. The x-axis of the plolter

is driven by a ])ath,ry across a variable linear

resistor eonneeled dire('tly to the a('lualors.

EXPERIMENTAL RESULTS AND DISCUSSION

STEADY-STATE MEASUREMENTS

Evaluation of wire physical constants. The

followiag wire physical constants are required in
the theoretical eMil)ration :

(a) Wire diameter

(b) Wire length exposed to beam

(c) Tempentture coefficient of resistance

(d) Resislivity

(e) Thermal conductivity

For the presen{ (,xperimenhd eva|ualion of the

lheory, it appeared lha! a O.O01-eeulimeter-

diameter wire of a l)latimm_-iridium alloy would

operate quite well over ihe range of |)earn powers

expe('h'd. A nominal wire length of 0.50 eenli-
]nelel' was cllosen re|" the iOll-beil]ll lllOFlSllF("lll(ql|S.

The wire is available in rolls of about 100 lnelers,

so initial physi('a|-proporty ('alibralimls are usnt)h,
over several 3-oars. Thus, an (,]al)orah, se{ of

initial ('alibraliuns can |)(, amortized over a long
useful |ife.

FoI' the physical-properly (',dil)ralions, it is

desirable to measure the di.mwter and length of

h,st Saml)h,s (,ar(,ful|y. For this report the

diameters were measured with a high-mao, nifiea-

lion |aborah)ry microscope. The lengths were

delermined using a ma(.hinist's mieroseope and

vernier. Exl)erienee to dale indieales that the

particular wire used in the present experiments
varies ± 0.5 X 10-4 ('(,niimeter in average diameter

along the spool of wire bough! eommer(4ally.

Between two spools of wire, lhe measured diam-

eter varie<t ±2.5X 10-4 centimeter between spools

which had the same nominal diameler, IOX10 4
centimeter.

[ '-Linear resistor

Hot wire .-'__ i

x-y plotter

Potenfiomeler

wire voltage

Jt

Potentiometer

wire currenl

I ohm /

I kilohm I0 kilohms 22.5v

Wire heating circuit

FIC, VRE 1 1. Ilol-wire op('r'lting "rod recording circuit.
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The remaining physical properties depend on

the wire's stress history. It is advisal)le to anneal

all new wire samples after mounling at abou| 600 °
lo S00 ° K for 15 minules to stabilize lhese physical

properlies. Annealing is a par! of tile roulinc

procedure, as well as lhese initial calibrations.
A method for measuring the temperature eo-

eftMent of resistance o_ in an ehwtrieally healed

gas furnace is described in reference 11. The data
shown in figure 12 were obtained in tllis furnace.

o" _ _ Temperature
_ _ ! coefficient t t I _r_ q

275 293 313 535 353 373 393 413

Temperature, °K

Fmum,: 12.--Varialion of wire resistance wiih temperalure.

For lhe present work a simple firsl-order coefficient

a (the slope of the straight ]ine shov_m in fig. 12)
is used to describe the thda points. Strictly speak-

ing, the relation belween resishmee and tempera-
ture for all mehds is not linear, tlowever, tl_e

present theory does not include the nonlinearity,

which for platinum-iridium wire is negligible over

the temperature range of inlerest. Further refine-
ments shouhl lreal this nonlinearity, which is more

pronounced in the temperature range of interest

for tungsten wire, for examph'. Figure 12 is used
to evaluale lhe variation in resistivily with

temperature for the wire used in lhis research.

For lhe remaining calibrations, a set of wire

samples of various lengths is operated over a range

of detection currents in n high-vammm facility.
Tit(, results of such a test are plotted in figure 13

in lhe form of resistance as a function of eurrenl

squared. This form of plot was suggesled t)y

equation (11), which is lhe approximale theoretical
calibration for the jY'--0 ease. For convenience,

the dala are reduced to a support temperature

of 273 ° K by multiplying 1)y the resistance ratio

17o,,"R_ :

17" (Ra,_) P (31)

The intereel)t at I 0 in figure 13 is R0, the
resistance of the wire at 273 ° K. Thus, for each

of the wire samph, s, a resistiviiy can be cah'ulaled

by using tlle equation

APPLICATION TO ION ROCKET RESEARCH 19

71"D 2 .)

(32)

The average wdue obtained in lhis manner is

shown in figure 13, and Ibis is the resistivily used

lhroughoul lhe experimenhd work reporh,d herein.
The lhermal con,luetivily can tle determined

from an empirical slope fitted to the dala near

zero current in figure 13. The slope of equalion

(31) can be written in h, rms of tile primary

varial)les and rearranged as follows:

Re 4aee{ l"_2
1( siT,pc 5 ;: \i)-'/ (33)

The average thermal conductivity determined in
this manner is listed in figure 13; lhis value is

used in the subsequen! experimenhd work. The

sensitivity of this method can be judged from

figure 14, where several theoretical ('urves (eqs. (7)
and (S)) are 1)lolled for thermal-conductivity

39

37

35

33

31

29
-g

25

!o:

o Wire length,

- _, cm

o 1.235
_;_ o 1.090

I • 1

I I 1

Theory I,

-- Exact
--_-- Approximate _!

It
Wire diameter,

O, cm
0.00145

,00158
i

1 1 I 1__

I !

t;"_ 18 ....
ID

N

15 ' Y I r I l_
: , , 280 : .00126:/

t3 ! t 4 I t I

70 I 2 3 4 -5 -6 7 8 9xlO -4

Wire current squared, Z 2, amp 2

FICURE 13.--Comparison of heat-transfer predictions with

measurements. Wire thermal conductivity, 25.5 w/(m)

(°K); wire resistivity at 273 ° K, 3.57X10 -r (ohm) (m).
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o t  ,q:T !t4 'W,rether;,7:
E '41_-i_ 1 t ! ,q@_ conductivity, _-
o I--_!_ ,1-4-4 i 4 4 _ w/(m)(°K) -

I [ 2, 'ltl_

Hiir
0 l 2 3 4 5 6 7 8 9 10Xl0 -4

Wire current squared, Z 2, amp z

FIaURE ]4.--Evaluation of wire thermal conductivity

Wire diameter, 0.00126 centimeter; wire length, 0.280

centimeter.

values of about 4-5 percent of the best fitting
value.

Several additional features o[" figure 13 are

worth noting. Two theoretical curves each for

the jV=O case are plotted for each wire sample.

The solid curves were calculated from eqm_tions

(7) and (8); the dashed lines were calculated from

the approximate theory (eq. (9)). The deviation
of the two calculated curves is noticeable at the

higher currents and longer lengths (i.e., large tilt2).

The data in figures 13 and 14 also can be used

to check qualitatively thc systematic error analysis

of the section Steady-State Analysis. A variation

of the facility pressure from 10 -s to 10 -7 atmosphere
did not affect the measured resistances shown in

figure 13. This supports the prediction in figure
4(b) which shows that the molecular conduction

through the rarefied air is negligible.

Figure 15 shows the appro:dmate radiation error

calculated from equa, tions (22) and (23) for the

"5 Wi/e lenlgth,

o _: .20 :_. _:. Z, cm
.."-1.255

.-_ --" .I 5 _-."-1.09 -7' --

/
o o .10 ....

.o o .05 ......

0 I 2 3 4 5 6 7 8 9x10 -4

Wire current squared, Z 2, omp 2

FZC,VRF, lS.--Estimated radiation heat-trm_sf(,r error for

wires used for data of figure 13.

wire samples plotted in figure 13 (assuming

e=0.10). The approximah, theory predicts that

the shortest length will have an appre('i_d)le current
range with negligit)le radiation error, while the

deviation due to radiation shouhl become pro-
gressivcly pronounced for the longer wires, even

for low currents. The d,ta in figure 13 qualita-

lively substantiate these prcdictions. The meas-

ured resistance (temperature) falls systematically

t)elow theory because the radiation heat loss has

been neglected. These data also show that it is

possible to have a practical detection current range

with negligihle radiation error, if care is taken in

the probe design.

The physical properties evaluated for the present
l)latimlm-iridium wire listed in table I (lifter some-

what from previously published values. Reference

12 gives values for the physical constants of 80-

percent-platinum--20-percent-iridium wires which

were used in the calculations of the theory section

(fig,s. 3 to 7). The present evaluation of constants

suggests that the wire material used in this

investigation differs from the 80 20 proportions.

The routine calibration procedure is effectively
an indirect ex-perimental measure of wire diameter.

It is impractical to measure the diameter of each

wire with a laboratory microscope, particularly

when the hot-wire rakes are semipermanently

mounted in the vacuum tank. However, if the

wire length is measured with a clamp-on micro-

scope while the rake is in place, the effective wire

diameter can be ealcuhtted from both the intercept
and the slope of calibration data such as figure 13,
because z, a, and K are known from the initial

calihrations. This procedure is demonsh'ated in

appendix C.

Operation in ion beams.--Prescnt experience
with hot wires in ion beams has been in direct

co,mcction with the understanding and improve-

ment of ion engine performance rather than probe

design. _,_ile a wide range of high-energy ion
beams has been probed, the data presented do not

represent a truly systematic set of probe operating
conditions. Direct comparison of hot-wire results

with other measurements can only be made for

the overall effects, because no other "l)oint" probes

arc developed at this time. Thus, it is difficult to

assess the accuracy of the individual measurements.

A typical set of surveys across the ion beam

produced by engine A is shown in figure 16. All

the profiles were made by the same wire traveling
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20xlO 3 Direction of

]-- traverse

16F- L I

,21-

 :lj TM

0

24x103
E ,:-Ion acceleration

._ _ ,.._oltoge shutof f

-- 16!
2

8
(c)

7",:
24 16 8 0 8 16 24

Shift in output voltage

12xlO $ due Io-

'_ I_ Grid radiation

[ IIL,,.-£'""_ _ Wire support heating

8-- ,,? x'r_%1 }, Total of grid and

4--- j_J_l V_J_. support effects

_
o _-qz--q-_--T--_---_---=4=_

24x103
k ,_ Ion acceleration

= j_/"_['_,,,_ voltage shutoff

I i- ri , .,,--t

Distance from engine centerline, cm

(a) Wire diameter, 0.00118 centimeter; engine conditions:

20-kilovolt ionizer; 20-inilliampere beam current.

(b) Wire diameter, 0.00114 centimeter; engine conditions:

20-kilovolt ionizer; 19-milliampere beam current.

(c) Wire diameter, 0.00111 centimeter; engine conditions:

16-kilovolt ionizer; 41-milliampere beam current.

(d) Wire diameter, 0.00109 centimeter; engine conditions:

20-kilovolt. ionizer; 41-milliampere beam current.

"FI(;[TI_E 16.--IIot-wire surveys across ion beams.

across the beam at the same location at different

engine conditions. This wire was on the travers-

ing screw actuator 46 centimeters downstream of

the engine exit. and on the centerline of the engine.
The hot-wire calorimeter was experiencing sput-

tering, so that. a slight change in wire diameter is
noted for each profile. The effect of sputtering

and the method of computing wire diameter are

given in detail in appendix C.
For each profile the power due to thermal radia-

tion from the hot tungsten ionizers is noted as the
dashed curve. The thermal ra<tiation power must

be subtracted fi'om the total reading to find ion-

beam power density. Also noted is the shift in the

effective-power-density zero point eause<l by the

inadequate cooling of the wire supports. This
zero shift must also be taken into account in com-

puting the local power <lensity. These operating

problems are more t'ully considered in appendix C.
Figure 16 demonstrates the types o[ ion beams

encountered under different operating conditions.

The repeatability of local peaks in measured power

density is found to be very consistent, at a fixed

engine condition, as natty be seen in figures 16(a)

and 09), which were taken about an hour apart.

Figures 16(c) and (d) demonstrate tim effect of

shutting off the accelerator voltage on the engine.
The data show that the hot-wire output is due to

the ions which were accelerated through the high-

potential electrodes. The quick removal of accel-

erator voltage is an accurate method of establishing
the base value of voltage ror the wire at any time

in a survey. Figure 16(d) suggests that the hot

wire might be employed as a sensitive instrument

to maintain constant beam power.

By taking several surveys at one time within

the beam, it is possible to construct a complete

map of the ion beam. Figure 17 shows a sct of

surveys taken with tim swinging-arm probe. All
five surveys were taken at the same time and at
the same distance downstream or the engine. The

probes arc located 2.5 centimeters apart with

probe number 3 located approximately on the

centerline or the engine. The dashed curve in

each figure is tltc estimated zero shift caused by
radiation from the ionizer and beating of the sup-

ports. There is a slight shirt in scale factor from

p]ot to t)lot because of the variation in electronic

amplifying eqnipment. The al)seissa indicates
distance in centimeters normal to the engine
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t:mURE 17.--Sel of hot-wire surveys inken at different vertica! lot,d ions in ion beam.

20.97 toni iiil(,tei's downs/ream of second eh'ctrode;

eenlerlhie. Tile probes were moved with a 35-

eenlinieier arni,so tilaI ilie oulel' edges of the profile.

are closer to Iho engine exit than the ('oilier.

Figure lS is a eonlolu" inap conslruu|ed fi'onl the

data of figure 17.

Tile eolilonr nlilp of figilro 1<_ shows the nllnibor

of peaks hi power density which ('lilt tie eneoun-

l ered in an engine such as engine A. While the

exact shape of ihe local maximums Ilii/y not be

as pictured in figure 18, this figure does indicate

the regions of needed investigation within the

engine geonlelr.v. The dashed i)oriioll o[ tilt, lnllp

repr0selils the ill'ell of least eorlaiiil3. In niosl;

insllinres_ lhe lines drilwii ropresenl lit least two

points illlll tl retlsoniibl 3- estnltlislied boundllr,v

condition.

Details of ion-beam spreadhig are also being

invesligaied witii ilie hot-wh'e cldorinlelers. Figure,

Probes 2.5,1 t'l'lilinio|('rs _i|)art._

pro|t)(, _ al)proxim,'lluly on engine horizonlal eenlerline.

19 sliows two conl(iur maps laken in the same

beam at two downstream locations. Figure 19(a)

is for an ion beam with iin eslinialed 1)ower of

640 walls, wilich was ca|cuhlied From engine

eurronl and polenlht| nielei's; figure ]9(b) lias an

esthnah,d power from lilettq's of 21S willis. At

eat'it of these lieam powers, the delail avaihiblo

lit tile st al ion 4t3 conlhnel ers downsi roam is liinited

by tile wider probe spa('ing and low power (tensity.

IIowever, ii is possible to identify SOIlIe or the

corresponding local peaks in power density.

To lest the nlellstlreillont of beam power density

indicated 1)3" the hot wires, the total inlegraied

power of the beam can l)e ('onipuied fl'Ol]] the

contour 1111]i). The power obtained [ronl lliose

integrations is listed above paoli contour map in

figure t9. Considering the fairing required in the

contour maps iuld the arbitrary cutoff lit ]030

1
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watls per square meter, the agreement between

th(, inte_'at(,d tolal power of tim front and l)ack

maps is good at t)oth power levels. A comparison
of metered power and the ]lot-wire measured

power shows good agreement at the local power

level, but in figure 19(a), the deviation is al)out

30 percent. I[owever, limited measurements
obtained to date show no system'die variation or

]lot-wire resuhs with ('urrent density, and in

general, the agreement between engine metered
power and hot-wire measurements is about, 4-10

pereent. It is not reasomd)le at present to regard

tit(, metered power readings as absolute wdues

for comparison. Furthermore, tile agreement
between total power found rro,n hot-wire maps

and tlmt measured by 2-inch-square copper-sheet

calorimeters is good.
The present iondwam data were selected to

demonstrate, as mu('h as possible, the consistency

of the present approach to ion-beam measure-

ments. ]t is again noted that the (lata are cer-

tainly inadequat(_ to establish all factors in the

probe operation, tIowever, the present approach
]ms advanced farther than any other diagnostic

technique now being used in the present test
faoilities. Experience in engines other than engine

A is accumulating rapidly. Some surveys rrom

other engines listed in the apparatus table are

shown in figure 20. All the engines shown in

figure 20 operate at mu('h lower voltage levels
than engine A, and they tend In }tllve nlll(']l

smoother power-density distributions. The hot

wires have proved quite useful in demonstrating

beam stabilizing and local focusing for these lower

voltage engines. An example (ff the 1)eanl stabiliz-

ing effe('l of an immersed, hot-(.:¢linder ele('tron
emitter described in reference 10 is shown in

figure 21. Present ion engine development work
is concerned with overall power outl)ut, rather

than with detailed studies, so that the probes
should be of even more wdue in the future.

Hot-wire-calorimeter rakes are now in routine

operation in the three large wleuum fadlities
devoted to ele('trie rocket research at this labora-

tory. The data presented herein are samph, s
chosen to demonsLrate certain aspects or the

probe application. Later reports concerned with
the design and testing of specific en_nes will

present more detailed data on comparative instru-

mentation and the interpret at]on of t)eam surveys

in terms of engine design.

TRANSIENT MEASUREMENTS

Once tim steady-state operation of the probe

is understood, it. is logical to consider the hot wire

as a, transient, measuring instrument. Since the

present method or heat loss is different from that
or the familiar hot-wire anemometer, response
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Fmrm.- 20. Itot-wire surveys taken in diffei'ent engines and facilities.

of the wire in this new application Io changes in

environment does not paralM the anemometer
application. No doubt the electronic circuits

developed for fluid-flow anemometers can be

employed in the present application 1o ilnprove

the transient response time of the wires.

A few check measurements or wire response

lime for the special case where the initial operating
current is zero have been made. The measure-

meats may be compared with thai special case of

the transient analysis. Figure 22 compares the

measure<| time response curves with theoretical
predictions at several different currents. Tim

initial jump in voltage for a step current to that

voltage corresponding to the "cold" wire resistance

is not shown, since it would serve only to indicate

the time response of the electronic eircuil (this

initial slep was measured at less thatl 2 micro-

seconds). The agq'eement between measurements

and predictions is fairly good in the low-current

range, where radiation can be neglected. Figure

14, wherein the wdue of thermal conductivity is

evaluated, is the sle,t(ly-state calibration o1" the

wire used to obtain the data of figure 22. Figure
14 shows thai the effe('ts of radiation become

important above a current of 15 milliamperes.

Tiros, lhe disagreement between the predicted

and observed curves in fi_lre 22(c) may be
attributed to radiation.

The lime constant is plolted against lhe cun'ent

sh'p in fignlre 23 along with the theoretical value.
The deviation from the theoretical curve at low

current steps is believed to be due to readability
of the lt'aces. The deviation or the theoretical

and measured values above 15 milliamperes is due

to radiation and corresponds very closely lo the

deviation of theory and experiment in figure 14,
which is the steady-state data for the same wire.

The temperature-time analysis can predicI the
lransient curve well when the wire constants arc

known as in this example. The litne-constanl,

analysis requires in addition to the previously

discussed physical properties a knowledge of the

specific heat and the density of the wire material.

TI
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Ilandbook values of these properties, as listed in

table I, were used in the theoretical eah'ulations
of this se('lion.

POSSIBLE FUTURE APPLICATIONS

YAWED WIRES

In both tile analysis and tile experimenhfl work

repoded here, the hot-wire-calorimeter axis has

been implMtly assumed to be normal (90 °) to the

ion velocity vector as shown in sketch (a):

f t

),

lon beam @ ,.- (---

r

I

(a)

Sketch (a)

Ilowever, the analysis is easily extended to lhe

more general ease shown in sketch (b), where the

wire is yawed or inclined at an angle "y to tile ion

velocity:

ton beam U" .... (---

(b)

Sketch (b)

Appendix B outlines this modification to the

original analysis. The net result, is to change tile
local power density in all the equations from jV to

jV sin % This means that the hot-wire calorim-
eter is direetionally sensitive to ion velocity and

that a syste,natie variation o1' the probe angle can
be used to find the velocity vector angle of a uni-

directional ion beam. For a constant-current

calorimeter, a plot of wire voltage against angle of

2OO -- --

_ _ __F__

..... Predicted i

-- Measured 1 (a)
i

,oo
/

o

400 -

°°
o.)

too

0 ] (b)!

iii[ -:
0 .10 .20 .30 .40 .50 .60

Time, sec.

(a) Change in wire current, 0.015 ampere.

(b) Change in wire current, 0.020 ampere.

(e) Change in wire current, 0.030 ampere.

FmuaE 22.--Comparison of predicted and observed time

response curves.

probe rotation shouhl follow a sine law. Devia-
tion of experimental data fi'om this behavior for

angles between 30 ° and 90 ° might be traced either

to wire support, interference or to appreciable
random ion velocities transverse to the mean

direction. This application is somewhat remi-
niscent of the use of hot-wire anemometers in

aeronautieM research (e.g., ref. 12). Although

no ex-perimental research has been attempted to

date on yawed hot-wire calorimeters, the appli-
cation should be straightforward.

INDEPENDENT MEASURE OF CURRENT DENSITY

In some future applications, it may be of

interest to measure the current densit.yj separately

froin the power product jV. Use of a Faraday

cup is one method which has been tried for this

purpose in physics laboratory experiments with
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ion beams. IIowever, the application of a small

saint)ling Faraday cup to ion rocket research is
complicated, and to the best of our knowledge no

detailed reports on this subject have been pub-

lishcd, although work is continuing on this meas-

urement technique. Depending somewhat on the
success of this Faraday cup work, it may be inter-

esting to develop a method using the transient
response of the hot-wire calorimeter for ion velocity

measurements. One possible scheme for doing

this is outlined in the following para_'aph.

In an ion beam which is operating substantially

neutralized by free electrons, a pulse of the acceler-

ating voltage (at constant ionizer voltage) shouht

propagate as a pulse in ion power density down the
beam at the ion velocity. Ion velocity will be

unchanged if ionizer voltage and overall V is

unchanged. This pulse in local power will move
much too rapidly for a hot-wire calorimeter to

follow. IIowever, by placing two probes having

matched time constants in the beana, one a dis-
tanee Az closer to the accelerator than the other,

it. might be possible to use the hot wires as triggers

for a timing circuit. The Tneasurement of the
time interval At, together with wire spacing .Xz,

wmdd make it, possible to calmflate an average ion

velocity U_. The ion velocity is simlfly related

to the effe(,tive accelerating voltage V, so the

measurement of the steady-state power density

jl" wouhl make it. possible to calculate the current

density j.

CONCLUDING REMARKS

The need for new instruments suit able for experi-

mental research in low-density high-energy ion

beams that may find application to future spare

propulsion motivah,d this research. The follow-

ing conclusions may be drawn:
l. A steady-state annlysis of the probe sensi-

tivity rcl'des the local power density of an ion

beam to the voltage output of a fine wire with an

external detection current. The change in re-
sistance of the wire is due to the conversion of the

ion kinetic energy to heat at the wire surface.

The beam power together with the jouh, an heat

rate is balanced by conduction ahmg the wire to
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cooled supports nt each end. Th(, probe is e.'dh, d
a |,)t-wire ('alorimeier.

2. Experiment verified the theoreli('al predic-
tions of (']mrneleristi('s of the hot-wire ('alorimeter

when it is operated out of the ion t)eam in the

vammm of the tesl f,wility. The measur(,menI

of lhe wire resislanc(, for a range of dete('lion

currents, when the wire is out (ff the beam, serves
as a convenient calil)ration of the hot-wire ('alo-

rimeter to the ion-beam power, asmiming thai tile
effective accommodation coefficient is known.
The data also demonstrate that both the lltermal

radiation error and error due to mole('ula," eondu('-

lion to surrounding air can be made negligible as

Ill(, theory predi('t(,d.

3. Experimental (lata have been ot)tained using
the hot-wire ('_dorimeters in cesium and mereu_ _

ion beams with total beam currents up to 100

milliamperes and over a range of accelerating volt-

ages from 1 to 20 kih)volls. No other instrument

o1"comparable size is availa])lc at this time to make

detailed ion-t)eam surveys. Therefore, altempis
to determine the hot-wire-('alorimeier accuracy by

eomparaiive instrumentalion must t)e limited at
this time to spatial integrations of hot-wire t)eam

surveys for comparison with large calorimeters

and ion rocket potential and current meters.

Preliminary experiments indi('ale thai: (a) tl_c
hot-wire ('alorimeler can consistently repeat ion-

beam power-density profiles with negligilde error,

and (b) Sl)ni ial integrations of hot-wire-calorimeter

beam surveys compare reasonably well with both

large-ealorimeier d.fla and meter readings.

4. The text reviews tlw primary pra(qical prob-
lems whi('h have been incurred in Ihe first 6 months

of operaling hol-wire ('alorimelers at this lal)or,'t-

to_-. Among the problems discussed Iogelher

with working solutions were: (a) probe support

healing, (b) sputtering and its rehtlion Io the
effet'tive accommodation eoeWt(.it,nt and ('alorim-

tier <'alil)ralions, and (e) secondary ele<'lron

emission and lhe related problems of stray current

pM,:up, probe biasing polemial, and sampling
eross-seeliomd area.

5. An analysis is presented for the transient re-

sponse of tile hot-wire ('_dorimeler to step (.hanges

in power input. Experimental (lala agreed with
theorelical ('al('ulations. The response chara('ter-

isties are essentially those of a fi,'st-order system

in both theorT and experimenl, so thai lransient

characteristics are given by a single time constant.

With compensating amplifiers comparal)h, to hol-

wire anemometers familiar in aeronautics, '_ usal)le

frequency re,_ponse of at least zero to 10,000 ('v('les

per second shouhl be possil)lc.
6. The extension of hot-wire ('alorimeters to two

additional measurement techniques is discussed.

By varying the angle of incidence of a hot-wire
calorimeter to tile ion t)eam, the direction of tile

ion velocity veelor may be found. Two nl_tt('he(1

hot wires ('ouhl be used in pulsed, neutralized ion

beams in a lime-of-flight te('hnique for tile

measurement of average ion velo('ily.

"LE_:VI,q ]-_..I_;gEARCIt CENTER

_',",TIONAL AEI1.ONAVTICS AND _PA('E ADMININTI1ATION

CLEVELANI b Ottl_*, Dccentber 13, 1960



APPENDIX A

SYMBOLS

ac

B

C

C

Cp

D

E

Y

¢°(_.)

g°(,_)

h
[

Io, L

J
K
K +

K-
L

l

M,

_L

J&

accommodation coefficients in eq. (B17) NA

constant defined by eq. (9), v

constant defined by cq. (9), amp2/m 2 n

wire specific heat, j/(kg) (°K) p

specific heat of monatonaic gas, j/(kg) O

(°K) q
wire diameter, m

voltage difference across wire, v R

charge of ion, _-/Na, coulombs

Faraday's constant, 9.6469X107 cou- R,

lombs/kg-mole R._

dimensionless fimetion of ,%

8 2

"-t- 5) 71"h'2e- ('_2/2) [Z0 (_)-1- '1 (_) - ] S

dimensionless function of s, s
To

27r(?-(s2/2)fo(-_)+27rs2C -(82/2)

Ti

T_

heat-transfer coefficient, w/(sq m) (°K) Tw._

wire current, amp
modified Bessel hmction of first kind, T_._

zero and first order, respectively,
dimensionless t

ion-beam current density, amp/m 2 tw
wire thermal conductivity, w/(m) (°K) U

secondary positive ion ratio u

secondary negative ion ratio V
distance of probe r,.om Met plane (fig. v

24), m v_

wire length, m

molecular weight of incident ion, kg/ W

kg-mole w

molc('ular weight of ambient gas, kg/ x

kg-mole

molecular weight of wire material, kg/ Y

kg-mole I_

mats, kg

Avogadro nunfl)er, 6.0235>(10 '_ mol-

eeules/kg-molc

a digit

ambient pressure surrounding wire, arm
heat-flow rate from wire, w

axial heat-flow rate per unit ]ength of

wire al station x, w/m

resistance of wire having average

temperature Tw, ohms

reflected primary ion r'dio

resistance of wire having average

temperature T_, ohms

universal gas consbml., 8314 j/(kg-mole)

(°K)
resislance of wire per unit length,

ohms/m

sput t.ering ratio, atoms Sl)uliered/ion
incident

molecular speed ratio, U/v,,

temperature of gas surrounding wire,
oK

ionizer temperature, °K

temperature of wire support, °K

length-average wire temperature, °K

term having units of temperature,

(_1_),, °K
term ha'_qng unils o1" temperature,

(,,/,)_, °K

{line, see

local wire temperature at station x, °K

velocity of ion, m/see

variable of integration in eqs. (B45)

net accelerating voltage of ion beam, v
variable of integration in eq. (B45)

most prolmble molecular speed,

-_'_/3I, m/see

energy, w-see or j

ener_" per partMe, j/atom

distance along wire measured from

center of wire, m

distance (fig. 24), m

effective sampling diameter of biased

probe, na

81
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distance (fig. 24), m

distance (fig. 24), m

dislance (fig. 24), m

temperature coefficient of resistance,

1/°K

conshmt in eq. (5), _, \yD:} K I_' 1/m

/{ 4 V _o, ,,
constant in eq. (2.q), -_/ k.rD2 } K 15' 1/m

constant ill eq. (5),

(°K)'/2/m

4
constant in eq. (20), _/_--_,

tingle of incidence

secondary ehwtron emission ratio
error ratio

gray-body or total emissivity
constant in cq. (15),

/ 4h ( 4 -,_zo,_ IL 1/'n

constant in eft. (15),

14hT.. a<DjV .( 4 ,_2ca l ,

(,)
(°K)'/2/m

variable of iniegralion in eq. (B24)
wave number of eigenvalue solution for

eq. (27), l , 1/m

#

p
0"

O'SB

mass of ion, 3IdNA, 1,:g

wire density, kg/cu m

wire resistivity at 273 ° K, (ohm) (m)

Stefan-Boltzmann radiation constant,

w/(sq m) (OK)'

constant of inlegralion in eq. (B47),

pc ['rDr_ _ 1

\ 4 }

rE effective time eonshm/ in eq. (29), see

q_ ratio of heal loss by conduction to

supports 1o heat loss to ambient gas

Subscripls:

B beam In, at ing

e recovery
el ch, ctron
F31 free molecule

G ground
i ion

J joulean or ohmic heating

[C eonduction along wire

n a digit
R radiaIion

r reflected

S storage
SB Stefan-Boltzmann

s support
,+ec secondary

._p sp u t tered
t total
w wire

0 angular
0 initial value

Superscripts :

0 neutral

+ positive

-- negative

1



APPENDIX B

AN ALYSIS

STEADY-STATE EQUATIONS

The text a,ttenlpts to emphasize that the ulti-

matc accuracy attainable with hot-wire calorim-

eters depends on two fa(:tors: (1) the correct.
cah'ulation of the wire cross-sectional area for the

interception of the high-energy ions, and (2) the

a])ility to predict accurately tile efficiency of

conversion of ion kinetic energy to heat at tile
wire surface. Tile remainder of the hot-wire-

calorimeter properties are not only easily cah'u-
lated but also convenienlly calibrated t)cfore each

experiment. The main portion of ibis appendix
is devoted 1o the theoretical aspects of these two

factors; the remainder deals wilh analytical detail.
tteat transfer to wire. -The model chosen for

the original calculations was no doubt a result,,

in part, of the authors' past technical background.

This t)hysical model, a classical one in aerody-

namics, is instructive and will l)e Wen here.
Consider the flow of monatomic, neutral partMes

over the surface of a normal cylinder whose

diameter is a small fraction of a mean h'ee path.

The flowing gas has the Maxwcllian velocity
distribution of a gas at temperature T, super-

imposed on its directed motion. The energy
balance on the fine wire is given in detail in

reference 13, and the resulting heat-transfer
coefficient h_ can bc written as follows:

Pv"a_g°(s) (B1)
hi= 2 (0.987)< 10- 5)TranT,

The net heat transfer from the flowing gas to the

cylinder is defined as

Q,=harDl(T_-- t_,) (B2)

Note that the heat-transfer coefficient h_ is a

function of: (1) the atomic arrival rate (p/T_)v_

for the no-flow case, (2) tile function g°(._), which

depends on the cylindrical geometry and the

nondimensional speed of the flow .% and (3) the
accommodation coefficient a._ for effectiveness of

the energy transfer in the atom-surface collision.

The s3qnbol T, in equation (B2) is the recovery

temperature of the gas on the cylinder. The

classical theory outlined in reference 13 relates

T_ to the tohfl temperature Tt as follows:

r:fr, /°(,q]
LT, g°(s)_] T, (B3)

where
U _

T,= T<t--- (B4)
2cp

For the ion-1)eam application whet'e the ions m'e

formed by surface ionization, the gas temperature

T_ is the surface emitter temperature. The

star is[teal theory of surface ionization assumes

that the ions formed have a Xiaxwellian tempera-

ture distribution (e.g., ref. 5), just as in tim modcl

being used here. Bu[ tile ion kinelic energy duc

to electrostatic acceleration will be very large

compared with lifts random thermal energy im-

parted by the emitter tcmperaiure. For examl)le ,

for cesium ions,

Directed velocity: U= 1204 _ V (m/see)

Thermal velocity: v,,= ! 1.18_, (m/see)

where T_ is in °K and Vis in volts. For an emit-

tcr operating at 1400 ° K, the kinetic-energy term
in equation (B4) becomes dominate for all l'_

100 volts. So, for a high-energy ion beam ac-

celerate<l by a voltage I',

U 2 of

r,=_c,=_t ' l" (B4b)

In equation (B3) the functions .f_(s) and gO(,_)

depend on the molecular speed ratio s:

U
s--- (B5)

t;' m

As discussed previously, U is large, and i( is
conservative to lilnil the discussion to s_4. The

bracketed _oup in equation (B3) closely ap-

proaches an asymptotic value of 5/4 for ,_4 (re['.

13). Combining equations (B3) and (B4b) gives

• 5 5 _ V (B6)
T,.=_ T,=_ c_.l/,

33
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Equation (BI) can he rewritten in terms of the

ion current density j:

U M,.
P =Tj3 (B7)

Tlle perfect-gas law and the speeifi('-heat rela-
tion, for monatomie gases, is used to reduce the

equations
3lip

P = (0.987 X 10- _)._ T, (BS)
and

5 :_'

c_=_ M, (B9)

Conlbining equations (BI), (BS), (B7), and (BS)

gives the desired relation when the as3nnptotie
value of g°(s)/s=4 _'_r given in reference 13 is used:

h ./a,.2._' J t. )  m0)

The hot-wire calorimeter will always operate with

a G lower than the surface ionizer temperature,

so the same argument which led to equation (B4b)

can be used to drop t,_ compared with T_ in equa-

tion (B2) :
Q8 = harD1 T, (n 11)

Sul)stituting equations (B6), (B9), and (B10) into

equation (Bll) gives the equation for the beam

power input to the wire which is used in the text:

ftR=-_=a_DjV (B12)

Positiv_ ions
(u c(.,/g7/)

g

),,
2

1

l

,Any orbitary point
_. ' olong lrojectory

' U

....... _ Hot wire!

FI(:t:RE 2l.--Ion interception by cylindrical electrode.

have hecn accelerated through a positive potential

V_ enter with uniform velocity. The problem is:

given values of l'_ and V,, what fra(,tional width

of the beam ]_ will be intercepted? Since the

force field is conservative, all the ions striking

the surface will carry the same kinetic energy.
133" setting up the conservation equations for the

total energy and for the angular momentuln of

the system, it is possible to solve for the kinetic

energy of the ions strildng as a function of initial

ion velocity (or potential) and wire potential.

l"sing the coordinates shown in figure 24, these
equations are as follows:

Two aspects of the model which led to equation

(B12) need to t)e examined in more detail. First,
the heam is composed of ions and the hot-wire

calorimeter can, in general, act as a focusing elec-
trode and exert a force on the ions, which would

affect the sampling cross-sectional area and the

kinetic energy of the incident ions. Secondly, the

accommodation coefficient in equation (B12) for

the high-energy ion 1)cam must not be confused

with the classical numerical value, because the

ion-surface interaction is entirely different.
Effective cross-sectional area of wire. A first.

approximation to the focusing electrode problem

just noted is outlined here. The prohlcm is de-

picted in figure 24. An infinitely long wire of
diameter D is operated at a variable potential

V_ measured relative to ground. At some dis-

tance L (where L_D) positive ions which

uU_) , el'_ D uU _". eIT_ D
_- t_=-_-t- 2zz (B13)

YZ
#Uo -_f]=#Uoz (B 14)

The special case of interest can t_e slm_mr.rizcd as

1
follows: z=_ D, U-- _0, and Y=Y_. As 1.-+co.

these equations ma3" be solved to .vMd the follow-
ing relations:

fl]l(]

Q.=acDIjI",(I--_:) '/2

If the- hot _qre

(B16)-gives the

(B16)

is grounded (I.\o=O), equation

cross-sectional area and power
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intercepted For the neutral-partMe analysis. Fur-

thermore, unless the wire is biased to a potential
of greater than 3 percent of that of the ion accel-

erator, equation (B16) is correct to wilhin 5

percent. As is (Iis,oussed in appendix (', it is
unlikely that the cross-sectional area us2d in the

present atmlysis need ever be modified, unless a

deliberate attempt is made to bias lhe prol)e.

Accommodation coefficient and sputtering
theory.--The accommodation coefficient used here

is defined in the classical manner (ref. 14) as

H.-_E
a_=ll',- It._, (BI7)

The discussion concerning th(, develop)nen( of

equation (B12) repeatedly uses the fact that

II, _l!,,. Thus, for" the high-energy ion-bea/n
pro|)lem, equation (B17) reduces to

W,
1--a_=_ (Bl7a)

The interaction of a high-energy ion with a

surface is fat' from completely understood. IIow-
ever, certain aspects of the problem have hcen

investigated both analytically and experimentally,

and it, is possible to make some preliminary
generalizations. The ratio of tile total reflected

energy to incident energy can be written as a sutn

of energy ratios for tb c various forms of "/'eflec te(l"

energy. Each of these energ.v ratios can b_.£ex-
pressed as a product of a coefficient and a partial-

energy ratio per incident ion:

¢1

w, FT+R _-+v,, w,

(B _8)

where S is the sputtering ratio or the ratio of the

number of neutral partMes emitted per incident

ion, and w°,v/w, is the ra(io of the average energy

of each neutral partMe sputtered divided by the

energy of each incident ion. Similarly, primary
ions may be reflected (R_), secondary positive

ions (K +) and negative ions (K-) may he emitted,

and secondary electrons (%t) may also be emitted.

Each of these modes of "refle('ted" energy is
considered here in turn.

The Slmttering interaction or 1- to 20-Mlovol!

heavy ions with metals is reviewed in reference 15.

The model presented in reference 15 is well

supported by experimental data which qualita-

tively agree with theoretical predictions. The

incoming ion penetrates lhe metal crystal anti

(tislodgcs and imp,n'ls kinetic energy (o some of
the crystal atoms. These atoms in turn "diffuse"

through (he crystal and impart energy to the

atoms in their pa([i. This multieollision process
results in some of the eryshtl atoms receiving

sufficient energY: to escape. The loss of these metal

atoms is cdmmonly refcrre(l to as sputtering. The

magnilude of S depends lo a large extent on tile

velocity, mass, and angh, of incidence of the

incoming ion a/t(l on tilt, crystal structurc of (])e

surface. The data sumnaarized in reference 15,

and limited experience at this la|)oratory, indicate

that I_S_10 may 1)e expected. No measure-
ments of ,o ,u,v/u._ are availal)le in the literature, but

the theory (l'ef. 15) pro(tiers w,j,_20 electron volts.
Since the incident ions are in the 1000- to 20,000-

electron-volt range, the naagnitu(lc of the overall

sputtered energy term (S wi:,,') is slnall, l)rotiahlv
• \ W_J "

less than 0.1.

At) important component of tile "reflectc(l"

energy is attvibutabh_ to primary ions which are

seatlcred by the surface. Reference 16 presents
measurements of R in 10- to 40-1dlovolt beams of

various ions (H +, IIe +, Ne 4, A.r +, Kr +, and O +)

for tantalum, tungsten, copper, and iron targets.

Although not quantitatively applicable to the pres-
ent problem, the data show that 0.01<R_<0.10

may be expected. No measurements of u,_ are

avaihd)le, [)ut the experimental method of refer-

ence 16 presumes .w_+ _w, However, the data of

reference 17 showe(l R_0.01 for positive cesium
ions, which had been accelerated from 2 to 4

kilovolts, 1)omt)ar(ling oh,an nlolyb(h, mml sur-

faces. Tiros, the contribution of the reflected

primm'r ions ll_ w_ may be as great as 0.10.
• W_ "'

The s_-con(lar3-ion emission, both l)ositiv(' and

negative, is also reported in reference 16. Both
/,2+ and [C- were found to be between 0.01 anti

0.05. Furlhernmre, reference 18 reported measure-
ments of w+_ for the secondary ions from tantalum

and molybdenuna surfaces bombarded by 900- to
2150-volt positive cesium ions. These dala show

30<wg_<50 volts. Thus, although /'C+ and /C-

are not negligible and wouht affect a current

density measuring probe such as a Faraday cup,
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tile ener H- components due 1o secondary ions,

K+ u,_c and K- wLc--, are negligibh,.
Wi Wi

Secondary electron emission has been studied

by many investigators. Reference 16 reports

0.05<"/a<3.0. Reference 19 states lhat w/_ was
generally less than 30 volts when various metals

were bombarded by 43,000- to 426,000-volt He +

ions. Tiros, it is probably safe to neglect the
energy component of secondary electrons.

In summary, a_ is no smaller than 0.8 for the

hot-wire-calorimeter application to ion rocket

research, and 0.9<a_<l.0 seems more prol>atfle.

Another practical consequence of sputtering is

the change in diameter of a hot wire due to pro-

longed exposure to an ion beam. This change in
diameter results, of course, in a shift of the

calorimeter calibration, since tile calibration is
sensitive to wire diameter. Tile mass loss from

a wire is easily related to the sputtering ratio S

by the equation

dt

})llt_

{lln w

dt 2 dt

(BI9)

(B20)

Combining equations (B19) and (B20) gives

dD {2M:'_
=\-Jo] S/ (B21)

Equation (B21) is used in appendix C to interpret

measured diameter changes in terms of the sput-

tering ratio S. It. should be emphasized that equa-

tion (B21) implicitly assumes that the wire will

sputter uniformly around the wire diameter. This

is not expected to be realized experimentally, be-

cause the sputtering ratio S can be a strong func-
tion of incidence angle of the ions (re(. 15). The

Sl)uttering ratios calculated h'om equation (B21)

must be considered in this light.

STEADY-STATE ANALYSIS

Transverse cylinder analysis,--The following

section completes the steady-state analysis by
presenting the analytical detail. Tile combination

of equations (1) to (4) results in the following

differenlial equation:

4 ai 2 [l+a(t:--273)]÷a_DjI" rD_'I('t_t':
rrD 2 4 d .r _

(B22)

R(,arrang'emen[ yields equation (5) of tit(, text

d2lw . _. _-_
dfi +/_ t,_=--v; (B23)

This equation can be reduce(l to the following

homogeneous differential equaiion by a change:of
variable:

O=-(_ )_+ t_=- T...® + tw (B24)

Equation (B23) in terms of the varial)le 0 is

(l_0
(tx2A-B_-O=O (B25)

The boundary conditions are

t_=T_ _fat z=-+- (//2)
or 0 T,_,=+T._J

A solution fitting these conditions can be obtained

by a method for solving ordinary, homogeneous

differential equations with constant coefficients

which is outlined in many texts (e.g., re(. 20).
Tile result in terms of 0 is

eos_ cos _x
(B26)

Equation (6) or the text is equivalent to equation
(B26).

The linear approximation (eq. (9)), which can

be readily <lerived fi'onl equations (7) amt (St, is
develol)ed as follows:

Ftan_

T_--T,=(T,o,= + r,)LT--I (B27)

Considering the bracketed portion of the equa-

tion and replacing ill(, tangent by its power series
approximation yMd

r- t 2

-I-;_ , = • • •
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_I<9 o
For _- , equation (B28) is within 1 percent of

Ihe true wllue if only lhe first (wo terms of the
series are used:

Ftan I_ - l

Recovery temperature

T T"f_ (''sin 34 T, (B3,_)

T_ _T, (._sin -y_4) (B39)

T=5 U' (B40)
" 4 2cp

Combining equations (B27) and (B29) and re-

writing the symbols in terms of the primary con-

stants give the following:

1 a_l _ jVT,,,: ar KD

+ [_342D4K12aa i2 (1+ T_--273)+ 7,'] (B30)

Combining equation (B30) with equation (8) of

the text yields the desired simplified beam sen-

sitivity relation (eq. (9)).

Steady-state analysis for yawed wire.--To com-

plete the detailed steady-state analysis, consider
the free-molecule flow analysis for a yawed wire

shown in sketch (b). The inclusion of the

angle of yaw _/ between the wire ax-is and the

ion velocity vector modifies the original derivation

as outlined by the following equations (ref. 7):
Heat-transfer coefficient

pv,,a_ " (B31)
h = (0.987 X 10-5)2ra/2T, go (.s.sm 3,)

,_si 1 _,=U sin "r (B32)

T_ l.f_
=_;" (B41)

tteat flux per unit h,ngth from 1)earn

q_=a_DjV sin At (B42)

TRANSIENT ANALYSIS

The melhod for solving equation (27)

K bt -- _)x2 T_,O,_--,l

is outlined here. [3"sing a change of variable (eq.

(B24)) simplifies the equation to the following:

pc bO _)_0 _ (B44)

The boundary conditions which are used are

(1) and (2) O=-T,_. + +7, at x= + (l/2) for all t

(3) o--T':':÷T: t

B[I cos B_.r
COS _-

where at 1=0 for all x

/( 4)',*a1_ J

a_,,U sin 3' g° (,_,sin "r) (B:33)
h-- (0.987)< 10-'_)2_ranT, ,siny

g°@sin "/)--'t_ @siq 3'>4) (B34)
.g sin 3'

h 2a_._ ,r -
=_I_ p_ s1_ 3' (B:35)

• ./M,\ .
at sl'l _'=./_, _-J s,, 3' (B36)

h {2avj2 \ . .
= _,_7_'2-) J s, q 3' (B37)

The solution to t)e found is for Ihe transient re-

sponse of the wire O(x,t) from an initial current [o
to a current [ by a step change. Following lhc

general method of solution outlined in reference
20 (p. 231), assume a solution of tilt, following
form :

O(+,t)--u(x) 4-v(.r ,t) (B45)

The steady-state solution u(x) is found in tile

earlier analysis to be

u(x)=O@)= T .... + f _

COS -_-

cos 5x (B46)
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In order to find tile time-dependent solution, it is

convenient to make another change of variable:

where

w(x,t)7 --K=-r(x't)e-"'Pc[321 t
(B47)

Substitutillg equations (B45) to (B47) into cqua-

lion (B44) reduces tile equation to be solved to a

form which is readily handled:

1 b_w bw
f12 5x _ =r 5_- (B48)

The 1)oundary conditions in terms of the variahle

w(x,t) are

(1) and (2) w--0 at x= 4-I/2 for all t

(B50) in x results in the following coefficient

equation :

C,,=2(--1)"(Tw, -FT_)(X2_){ - X] 2X__:" _

(B51)

Substituting equation (B51) into equation (B49)

and using equalions (B24) and (B45) to (B47)

give the desired transient solution

t,_+T .... =(Tw,_+T,) -_l+n_=o 2(--1)" _/

[ cos

X2 '" t

2--2 eLt3'-x t3o-X,,J cos X.x (B52)

(3) w=(T .... +T.) cos cos fix

Vos cos-

at t--0 for all x

Following reference 20 (p. 240), assume a solution

having the following form:

w=_ C,,e _'-_cos X,,x

where _=o (B49)

and

COS /3./"

Cos _/ cosX,,xdx+ vos _
(BS0)

Completing the indicated integration of equation

Averaging tiffs equation over x from --(//2) to

-4-(l/2) gives equation (28) of the text.

Equation (B52) and its length-average counter-

part, equation (28), were derived for a step change
in wire detection current at constant ion-beam

power. However, the application of hot-wire
calorimeters to transient ion-beam studies wouhl

probahly bc at either constant detection current

or constant wire temperature. It is necessary to

repeat the preceding analysis using a step change

in beam power as the initial condition. This

analysis has been made and the results of this
additional case are summarized in the following

sentences without analytical detail. The time
constant of the hot-wire calorimeter was un-

affected by this change in the mode of power input ;
r_ of equation (29) is as good an approximation

for this case as it was for tile step current example.

Only the coefficient C= in equation (B51) is

altered by the change in power input from detec-

t.ion current to beam power. Since this amplitude
factor C_ is unimportant to the transient applica-

tion, the analysis is not repeated here.

1



APPENDIX C

SOME PRACTICAL PROELEMS IN OPERATION

As noted previously, the present probe operation
in ion beams was of a (lemonstrative nature.

Tile probe design was simph,, rather than exact,
so that there is room for improvement. For

examph_, the probe case couhl be made of a non-

conductor. No doubt better designed probes and

survey systems will eliminate some of the problems

encountered in the present study.

PROBE DESIGN

The design of an eh,elrically insulated, water-

cooh, d probe for operation in a vaemml is not a

simple probh,m. Ilowever, the problem is one

of technique and shouhl be overcome with

experience. The present probe design is only

partly successful in meeliug the requirements of

good thernml conduction ant| eleelrical insulation.

Resistance Ra of the present probes was only 5000
to 10,000 ohms between circuit atul ground.

Figure 25 shows Re in a schematic circuit diagram.

Thus, it was never possibh, to oblain data with a

t,'uly floating probe, which implies R_--->¢o. It

is possible to state that, over this limited range

o[" probe isolation, no evidence of any effect on the
measurements was noted.

The present probe was designed so that. the

temperature of the wire supports eouht 1)e hchl
constant t)y water cooling. However, as noted in

I

, . . [ / Measured probe
_Mor wire i / resistance to

' I I Vacuum-tube / =-
I I voltmeter (_
I I (I megohm to ":1"

,__ __ _J.__t_ .... ._ground)/
[ Wire operation and [ _L
I recording circuit II [
t (fig.ll) II. J

,--I Megohm
/

/

=--1
-----300 v

!
FIGURE 25.--Circuit used 1o vary probe potenlial.

figures 16 and 17, the healing o[ the prongs

definitely influenced the dala. By recording the

support thermoeouple oulpltl, it is possible to

compute theoretically tim zero shift for any given

profile. Figure 20 shows a profile in whiclt the
zero curve was computed, and lhe cah'ulation may

be compared with Ibe observed dala at several

points of the trace. It is apparent from figure 26

that the support temperaiure shirt can be ac-

eounted rot quite accurately, so ir eliminatiml of

support healing does not prove [easil)le, the

temperature shift may be taken into account.

Figure 27 shows the apparent power density

allrJl)ul_l)]e |o the zero shift due Io suppol'l

healing thai lnight t)e expected for some lypical
detec.tion currents rot a wire used in the present

measurements. The probe sensitivity (i.e., the
slope of the constant-current calibration lines

shown in fig. 2) is not affected by a change in

support temperature, so the wire calibration

remains constant across the survey; only the

zero point shifts.

_RE OPEB.4 TION

Several probh, ms have been briefly mentioned
in connection with the wire calibration in the

section RESULTS AND DISCUSSION. The

effect of radiation from the wire was theoretically

estimated, and the cffevt of sputtering was noted

for the data of figure 16. It was also pointed ()tit
that the exae{ solution could be strut)lifted , so that

the wire eouhl be calibrated directly from physical

measuremenls. These particular problems and
how to deal with them are now examined.

To slmw how the simplified theory (eq. (9))

suffices for practical probe designs, the data for

the wire which was used to obtain the profiles

shown in figure I6 are considered. A plot of R

against F fcr this wire before the run and after the

run is shown in figure 28. Theory summarized

by equation (9) predicts that lhe data shouhl
define a slraight line in a plot. such as figure 28.

Empirical lines fitted to the data are shown for the

calibrations. The intercept of one of these
straight lines at F=0 is the resistance of the wire

39
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40xlO 3
,.

35- _"-"_ _v,,_ _ ..........Compufed voltage increase
"---_A due lo measured support

30P" _ - _ h temperalure
] _ _ \ _7"Z-Z7ZMeasuredionizer radiation

_'_ 25i / Direction of

g° i)12°)'5:- trov e,__ .IO

i I
20 16 12 8 4 0 4 8 12 16 20 24 28 52

Distance from engine centerline,em

F[CrRE 2(;.---Correction calcul:dions for support he'ding compared vvilh measurements.

lOxlO 3-

_8

o•

<
o IO 20 50 40 50 60 70 80

Support temperature rise, °C

Flcrrli.: 27.--Al)parent power density output due to
increase in wire support tumperature. V-ire diamet('r,
O.O012Tcentimeter; h'ng,ih, 0.508 centimeter.

al the support temperature R,. Since ,ll the

other Ir)hysi('al properties are known, in('hidil_g
the measured length, the intercepts may be used

to eal('ulale an average wire diameter l)y tim

eq ua lion

D '=4aI [1 +oz(T,--273)] (el)
_r_

The diameters calculated in this manner are

listed in figure 28 as 0.00121 centimeter before the
run and 0.00106 centimeter after the run.

The slope of the calibrations may be written

from equation (9) as follows:

,qlo 4_a:ala
, pe=_ [l+cz(T_--273)] (C2)

Once again, all physical proi)erties are known, so
that the empirical slopes can be used to calculate

diameters. The r'ltio of the before to after slope
is 0.46 I'or lhe measured calibrations. The ratio

of the rah'ulated diameters obtained from inter-

eel)is raised to the sixth power is 0.44. This is a

very sensitive test of agreement between the

calibrations and theory, an(t this example shows

that excellent agreement, can be expeeted. Fur-

thermore, these data support the impli('il

assumption, which is made ill this example, that

the wire physi('a] properties are unaffected by
the sputtering process.

The inlermediah, data points hetween the eom-

1)lete calibrations shown in figure 28 may be used

to caleulah, an average diameter at the (line

sllown. This average diameter will SllJ_(-'e for '1
theoretical calculation o[" the calibration in each

case. That is, equation (9) ewduated a! .iV=0

may be written liS

R 4al- - 4_a_aI a
=_-D_l l +,_(T,--273)l+a_r_I_D-_[l +a(T,-- 27:l)][=

(ca)

The only unknown is wire diameter when a single
wire resistance-current data point is measured.

The complete calibration lines calculated from

the single data points are shown in figure 28.

The sputtering ease just cited is far more severe

than wouht ever be encountered in general opera-
tion. The probe was in the beam for the total

1
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FIGURE 28.--Wire calibration and sputtering corrcciions available from wire measurements. Platinummiridium wire;

hmgth, 0.5l 3 cent ira(tier.

time indicated in the l)lot. Actually the wire was

in the beam longer than indicated in figure 28,
as the wire started at a diameter of 0.00130

centimeter, and after remowd from the tank the
diameter had decreased to 0.000960 centimeter.

Present operation techniques require that the

wires be shielded completely from the beam,

except when a survey is taken. Furthermore,

the wires sweep very quickly through the beam,

which greatly reduces both the sputtering and

support heating problems. With these precautions

little sputtering is encountere(l.
The ra<tiation of heat from the hot wire to the

surroun(lings constitutes a source of error in the

present analysis. It is evident from the theoret-
ical calculations that the radiation error will be

greatly affected by wire length. Both wire

length and temperature must he made small to
avoid radiation errors. As a demonstration of

the concepts, a set of four wires of different lengths

was calibrated. Figure ]3 shows a t)h)! of R

a,gains_ P for four platinum-iridium wires of

different lengths. These measurenaents are com-
pared with the computed (,urves neglecting ra(lia-
tion, The deviation of the curves from the data

indicates the current for which radiation errors

are appreciable. Thennal radiation must be con-
sidered in the evaluation of thermal conductivity

K, as in figure 14. It is evident that for an
accur_lle cwduation of tC a method wouhl be to

measure with decreasing wire lengths and thereby

determine the maximum length for which radiation

is negligible h)r an appreciable current range.
The problem of radiation h'om the hot ionizer

grids of tlle engine to the hot-wire calorimeter
needs to be evahmted for each operation. The

present method of evalua, ting engine radialion is
to take a survey with the emitters heated, but

with no cesium flowing. Figures 16 and 20 give
an idea of the radiation problem encountered in
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several different types of engines. For practical

al)plieation it is necessary that the thermal radia-

tion h'om the engine does not overwhehn tilt' ion-

beam power, which of course is also a necessary

condition fi)r an efficient engine.

STRAY CURRENTS

S,everal sources o[" extraneous eUl'Fents ]l_ay t)e

encountered in the present al)l)lication. Wilh the

large temperature gradients encountered in the

beams, care must be taken to elin:inale any possi-

ble thermoelectric effects within the probes due to

uns3qnnaetrical electrical connections of unlike

metals. For the present work copper h,ads were
nIainlained throughout the circuit within the tank.

The wire supports must be s3nmnetrical in area.
No portion of the con<hu.tors shouhl be unneces-

sarily exposed to the beanI. Any exposure to the

beam can h, ad to secondary eh,etron emission,

which may give rise to unwanted potential differ-
ences within the hol-xvire circuit. On occasion it

has been found that an extra drop of sohter on one

support could render a probe useh,ss. ,_tray mlr-

rents are readily checked t)y simply reversing the
wire leads while the wire is in the beani. Revers-

ing switches are used with every wire and shouhl
t>e checl,:ed at the start of each run. One eouhl, of

course, use a reversing switch to correct for the

stray currents, but it appears that proper care in

maintaining s3qnmetry and in minimizing eh, c-

trical conductors exposed to the beam can elimi-

nat{' the problem.

The current required to neutralize the ions at

the wire is of the order of 0.00001 ampere (in a

200 anIp/nI 2 beam). For the present wire tests

the heating current was always greater l]mn

0.001 ampere; thus this neutralizing current was
negligible.

SPITTTERING

At lhe ion energies encounlered in the present

measurements sputtering of the wire mah,rial can

occur. :'u, example of sputtering is shown in

figure 28. The knowledge of sputtering is limited

(ref. 15), and nearly nonexistent for heavy ions
such as cesium. The wire dianIeter and ion-beam

power can be measured at the same time; thus

very accurately controlled sputtering data can be

obtained for the cylindrical geometry.
Photomiero_'aphs of a set of five wires which

correspond to probe positions similar to those in

figure 19 are shown in figure 29(a). The top and

boltonI probes show stains. The center wires

have sputtered, apparently most heavily along

longitudinal lines, which may represent gTain

alinement in the wires. It is necessary to estab-

lish lhat the staining and sputtering wouhl not

a;Teet the wire physical properties.

Figure 23 indicates an agreement o1' calculated

intercepts and slopes between the before and after

dala, whih ce,'tainly suggests that the physical

wire propcrtics were unaffected by the cesium and

sputtering. A sotnewh.d more conirolh, d cheel,_

was niade with a wire in a 5000-watt-per-square-

meter beam for aPFraximately 50 minutes. The
original wire c!ianicter (coral)uteri from measured

length and wire resistance) was 0.00125 centi-

meter. After the run, the actual optically meas-

ured diameters paralh,1 to the beam and normal

to the beam were 0.00103 and 0.000996 centimeter,

resFeclively , as shown in figure 29(b). The

average diameter coral)uteri from length and meas-
ured resistan:e afler t]w run was 0.00102 cenli-

nleter. These data s]low thal tile wire resistivity

is unaffected 1)v exposure to the ion 1)cam.

The average reduction in diameter can be used

to estimate the average numl>er of atoms that

must leave the wire for every ion that slril,:es the

wire. Prom appendix B, equation (B21),

aD

8=1.90. < 10__0jt (34)

where AD is the reduction in diameter, j is the

current (tensily of the beam, and t is the time in

the beam. The constant is for the 1)latinun>

iridiuni wire. The average Slmtteringratio for the

cylinder S is <lehq'mined to be 5.4 atoms per ion
in the 16-ldlovoh cesiuni bean:. The wdue or S

is or the same order of niagnilude as wdtu,s ob-

tained for positive silicon ions on copper at a 50 °

angh, of incidence (n,f. 15) for the same ion energy.
Comparative studies on different wire materials

shouhl perhaps improve the understanding o1"such

effects as sputtering. A great deal of r.tur(, study

is necessary, particularly on the precise aceonimo-

dalton coelTtcient for the energy exchange problem.

PROBE BIAS

As noted earlier in the discussion on probe

design, the resistance between the probe circuit

and ground is only 5000 to 10,000 ohms. The

operation of a truly floating probc has yet to be

investigated. It is of interest to demonstrate

that changing theW:floating potential of the prot)e
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Sample as received

Wire A-pitted and stained

Wire B-pitted; fairly rough

Wire C-slightly pitted

Wire D-pitted; rough

Wire E-smooth; stained
(a)

C-55583

Ion beam

FQOOlO3cr l
(b)

0.000996 cm

.L

(a) Wires after operation in ion beam (top surfac(, highlighted). X750. (St,(, fig. 18 for approximate loca iol_ of wires.)

(b) Diameter measurements after run. Originai measured di.tmet(,r, 0.00125 c(mtimeter; ( iam,,t(.r :ffh,r r_:n computed

from resistance, 0.00102 centimct(,r.

F[C, URE 29.--IIot-wire sputtering observations.
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over some limited range around probe operating
conditions will not affe('t tile measurements.

Sonic limited attempts were made to explore the

bias problem. Over a range of ±50 volts the

shape of tile survey did not change with bias in a

beam accelerated 16 kilovolts. However, the
wire current could not 1)e maintained at a fixed

wdue, so that an uncertainty exists in the wire

calibration. The need for a truly floating probe
is evident if the effect of bias is to be studied.
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TABLE I. PIIYSICAL PROPERTIES OF WIRE .MATERIALS

Material

Thermal
coefficient

of rosis{allCe,

c,, ]/° t,:

Resistivity,
_, (ohm) (m)

Thermal

conductivily,
k, w;'(m) (OK)

Dcnsiiy,
p, kg/eu m

(a)

Specific
]lLqt{ j Cv!

j/(kg) (°K)

(a)

Platinum ....................... "3. 8><.10 3 "9. 82X10 _ "72. 5 21,600 134

Tungsten ...................... 1'4. 0X10 -a b6. 98X10 s _' 160. 2 19, 500 128

80/c_ Platinum -20c_, iridium ...... °8.5XI0 -a _3.28XI0 r ¢17.5 21,600 134

Platinum-iridium wires used in meas-
urements ...................... " 7. 90XlO -a d3. 57X10 -7 d25. 5 21, 600 134

• Ref. 21.
bRef. 11.
• Ref. 12.
d This work.
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